The confinement of Rubisco in a chloroplast microcompartment, or pyrenoid, is a distinctive feature of most microalgae, and contributes to perhaps ~30 Pg of carbon fixed each year, yet our understanding of pyrenoid composition, regulation, and function remains fragmentary. Recently, significant progress in understanding the pyrenoid has arisen from studies using mutant lines, mass spectrometric analysis of isolated pyrenoids, and advanced ultrastructural imaging of the microcompartment in the model alga Chlamydomonas. The emergence of molecular details in other lineages provides a comparative framework for this review, and evidence that most pyrenoids function similarly, even in the absence of a common ancestry. The objective of this review is to explore pyrenoid diversity throughout key algal lineages and discuss whether common ultrastructural and cellular features are indicative of common functional processes. By characterizing pyrenoid origins in terms of mechanistic and structural parallels, we hope to provide key unanswered questions which will inform future research directions.
green alga Chlamydomonas reinhardtii (Meyer et al., 2012) . The Chlamydomonas CCM also accumulates internal C i concentrations 5-to 10-fold higher than those of phylogenetically close species without a pyrenoid (Morita et al., 1998) . Pyrenoids can therefore be viewed as an evolutionary adaptation enhancing the performance of basal CCMs.
Pyrenoid subcellular localization and fine architecture vary widely across algal lineages. Pyrenoids can be immersed in the chloroplast stroma or bulge out into the cytoplasm. The densely packed Rubisco matrix can be naked or traversed by specialized membranes, which are likely to provide a conduit between the stromal pool of C i and the heart of the pyrenoid (although C i entry could also occur via proximal diffusion or other channels). The Rubisco matrix can also be enclosed by carbohydrate deposits and high molecular weight protein complexes. These three elements, a Rubisco matrix (common to all pyrenoids), membranes traversing the matrix (usually present), and matrix-peripheral components, can be viewed as defining features of pyrenoids and probably contribute to their primary means of delivering high concentrations of CO 2 to Rubisco. The first part of this review will integrate recent developments with information from the historical literature to update our understanding of the three major pyrenoid constituents.
Composition and inner architecture of the pyrenoid matrix
The word pyrenoid (from the Greek pyrene, stone or kernellike) was coined by Schmitz (1882) to describe highly refractive near-spherical inclusions in algal chloroplasts examined through a light microscope. Schmitz observed pyrenoids in the majority of green algae he studied, to a lesser extent in red algae, and only occasionally in brown algae. The generalized use of TEM from the early 1950s onward greatly facilitated the diagnosis of pyrenoid presence/absence, as the matrix of these microcompartments appears as uniformly electrondense inclusions in the stroma. It was only with the advent of techniques capable of discerning Rubisco localization (e.g. immunogold labelling, indirect immunofluorescence tagging, or translational fusions with fluorescent proteins) that pyrenoids were incontrovertibly established as the site of Rubisco localization (see Fig. 1 ) (Lacoste-Royal and Gibbs, 1987) .
Early biochemical analysis of pyrenoids isolated from green and brown algae found that ~90% of the matrix was composed of Rubisco, alongside a dozen or so other unidentified proteins (reviewed in Meyer and Griffiths, 2013) , and that Rubisco was biochemically active (Borkhsenious et al., 1998) . For green algae, pyrenoidal proteins included the chaperone Rubisco activase, where localization to the matrix was confirmed by immunocytochemistry (McKay and Gibbs, 1991a; Süss et al., 1995) . Non-green algae do not encode Rubisco activase, but express a CbbX protein instead (reviewed in Kroth, 2015) , which belongs to an unrelated AAA+ ATPase gene family with an activase-like property (Mueller-Cajar et al., 2011) . Whether CbbX also localizes to non-green pyrenoids remains unknown. Pyrenoid compositional analysis was refined by MS for Chlamydomonas (Mackinder et al., 2016) , which, in addition to Rubisco and Rubisco activase, identified EPYC1 (formerly known as LCI5; Lavigne et al., 2012) . EPYC1 was particularly abundant in pyrenoids isolated from cells acclimated to CCM-active conditions (i.e. grown under air-level CO 2 ) and is proposed to act as a linker that either recruits Rubisco to the matrix or serves as an anchoring scaffold for the enzyme. Genes coding for proteins with chemical properties similar to those of EPYC1 are present in the genome of other pyrenoid-positive algae (e.g. diatoms and haptophytes) (Mackinder et al., 2016) , but whether they perform a similar linker function is speculative.
It is still unclear to what extent, if at all, Rubisco is arranged periodically within the matrix. Resin embedding for TEM usually obliterates the native arrangement of the enzyme, leaving pyrenoids to appear as amorphous. There have been, however, several reports of paracrystalline structures of the matrix or a fraction thereof, such as in chlorophytes (Bertagnoli and Nadakavukaren, 1970) , in charophytes (Gärtner and Ingolić, 1989) , in diatoms (Holdsworth, 1968; Taylor, 1972) , in dinoflagellates (Kowallik, 1969) , in haptophytes (Leadbeater and Manton, 1971) , and in red algae (McBride and Cole, 1972; Tsekos et al., 1996) . These early studies concluded a possible cubic-or hexagonal-closed packing. Hexagonal-closed packing was also identified in a recent study of the fine architecture of the Chlamydomonas pyrenoid, using techniques that preserve the native molecular conformation (Engel et al., Mackinder et al. (2016).] 2015). Although the analysis was limited to small areas of the matrix and the alignment was not perfectly crystalline, it fitted models of periodically arranged Rubisco linked directly by EPYC1 (Mackinder et al., 2016) . The exact molecular interactions between EPYC1 and Rubisco, and the degree of structure imposed upon the pyrenoid matrix, have yet to be determined.
Encouraged by early successes in isolating pyrenoids, comparative MS studies of pyrenoid composition should now be undertaken on key representatives of all major phytoplankton lineages, to identify commonalities with and differences from the Chlamydomonas pyrenoid. Understanding the fine mechanistic details will also require crystallographic reconstructions of protein-protein interactions and validation through the characterization of mutants, which is now increasingly possible in the model system Chlamydomonas, for which insertional mutant libraries covering >80% of all coding genes are available (Li et al., 2016) .
Function of pyrenoidal tubules and association with carbonic anhydrases
Most, but not all Rubisco matrices appear to be traversed by at least one lipid membrane, usually, but not always, in continuity with the stromal network of thylakoids. These membranes are assumed to play a role in the delivery of CO 2 to Rubisco (Moroney and Mason, 1991; Badger and Price, 1994) . The complexity of the membrane network traversing the Rubisco matrix, when present, has been used as a taxonomic marker [e.g. in dinoflagellates (Dodge, 1968) or diatoms (Schmid, 2001) ]. Figure 2 illustrates the diversity and complexity of this feature, as it appears in thin TEM sections, throughout key algal lineages. The simplest is in the form of a single disc bisecting the Rubisco matrix, as found in the cladophorale Chaetomorpha lineum (Gibbs, 1962) and in several Chlorella species (Ikeda and Takeda, 1995 ; see also a recent example in Treves et al., 2016) (Fig. 2a1) and diatoms (Schmid, 2001) (Fig. 2d1) . Multiple non-connecting parallel membranes are common in green algae (Fig. 2a2) , dinoflagellates (Fig. 2e2) , and Euglena (Kusel-Fetzmann and Weidinger, 2008) . More complex morphologies have been observed in the unicellular red alga Porphyridium cruentum, where a highly anastomosed network increases the surface area in contact with Rubisco (McKay and Gibbs, 1991a) (Fig. 2b1) . The pattern is somewhat reminiscent of the one found in the green alga Zygnema, which computational 3D reconstructions revealed to match a gyroid cubic organization of photosynthetic membranes (Zhan et al., 2017) . The Chlamydomonas pyrenoid (Fig. 2a4 ) is structurally the best resolved, following the work by Engel et al. (2015) , building on earlier studies (Sager and Palade, Fig. 2 . Examples of morphological diversity of microalgal pyrenoid matrix and associated network of tubules. (a) Green algae, with examples taken from cladophorales and siphonocladales (after Hori and Ueda, 1975) , and Chlamydomonas reinhardtii ('star-shaped' tubules); (b) red algae (after Gantt and Conti, 1965; Ford, 1984) ; (c) chlorarachniophytes (after Ishida et al., 1999) ; (d) diatoms (after Bedoshvili et al., 2009) ; (e) dinoflagellates (after Dodge, 1973) . Dots, pyrenoid matrix (mainly composed of Rubisco); thick lines, stromal thylakoids when outside the pyrenoid matrix or transpyrenoidal membranes (tubules) when traversing the pyrenoid matrix; hatched boxes, peri-pyrenoidal carbohydrate plates, stromal in green algae and cytosolic in non-green algae; dashed lines, chloroplast envelope (composed of two lipid bilayers in archaeplastidia, and three or more in algae that inherited a chloroplast through secondary or tertiary endosymbiosis).
1957; Ohad et al., 1967) . Here, pyrenoid-specific membranes, called tubules, are formed by the fusion of stromal thylakoids into cylindrical membranes ~100 nm across. These tubules are thus continuous with stromal thylakoids. When extending into the pyrenoid matrix, tubules twist and turn at sharp angles to fuse into an interconnected star-shaped network, or knot, at the pyrenoid centre. Supplementary Video S1 at JXB online includes a Z-stack animation through a Chlamydomonas cell, generated by serial block-face SEM, capturing the complex intrapyrenoidal network (see also 3D reconstruction of that same pyrenoid in Meyer et al., 2016) . Chlamydomonas tubules contain within their lumen between two and eight minitubules, which have their own lipid bilayer. These form on the stromal side when two or more thylakoids merge into tubules, thereby trapping stroma, and can open into the pyrenoid matrix. Given that their lumen is continuous with the chloroplast stroma, mini-tubules could provide a channel for small molecules such as Rubisco substrates and products, but such a passage would be too narrow for larger proteins such as a multimeric CA (Engel et al., 2015; Meyer and Griffiths, 2015) . There is no evidence yet that transpyrenoid membranes in other algae also possess similar inner channels. We speculate that the central star-shaped knot of tubules of the Chlamydomonas pyrenoid could play a role in situating and anchoring the Rubisco matrix in a conserved chloroplastic locus.
Two lines of evidence support the notion that tubules may serve a similar function across a wide range of algal lineages. The first pertains to a CA that is critical to the CCM: in Chlamydomonas and in the marine diatom Phaeodactylum tricornutum, this CA, termed CAH3 and Pt43233, respectively, is most probably localized to the lumen of tubules (Kikutani et al., 2016) . It is pivotal to the functioning of the CCM (mutants have a high-CO 2 -requiring phenotype) but sets an additional requirement for a C i transporter without which the stromal pool of C i could not be fed to the lumenal CA for conversion to CO 2 . This seemingly complex arrangement provides one immediate benefit: it creates a physical barrier between the site of C i accumulation by the CCM and the site of conversion to CO 2 by a CA. Unlike carboxysomes, pyrenoids are not delineated by a C i -impermeable boundary or shell, therefore setting an additional compartmentalization requirement to minimize CO 2 leakage. The seminal experiment by Price and Badger (1989) , demonstrating that in cyanobacteria having a CA and the pool of C i in the same compartment effectively short-circuits the CCM, has yet to be tested in eukaryotic algae.
A second line of evidence that pyrenoidal tubules may serve similar functions across algal groups is their biochemical nature, which is distinct from stromal thylakoids. O 2 -evolving PSIIs are absent from these membranes in green algae (McKay and Gibbs, 1991a) , red algae (Mustardy et al., 1990) , and diatoms (Pyszniak and Gibbs, 1992) . Lightharvesting antennae of PSII and their accessory pigments are also excluded from pyrenoidal membranes, as shown by localization experiments of phycobilisomes and phycoerythrin in red algae (McKay and Gibbs, 1990; Tsekos et al., 1996) . The spatial separation between the sites of O 2 evolution and CO 2 fixation by Rubisco limits the adverse effect of Rubisco oxygenation and the associated wasteful process of photorespiration. In the dinoflagellates Gonyaulax, Rubisco relocalizes in response to light to areas of the chloroplast depleted in the PSII-associated peridinin-Chl a accessory pigment (Nassoury et al., 2001) . The mechanisms underpinning this spatial segregation, whether passive or active, have yet to be investigated.
The universality of the above arrangement is challenged by tubule-less pyrenoids. Stalked pyrenoids that bulge from the chloroplast into the cytosol in a sac-like structure are frequently not traversed by membranes, even if there are exceptions (e.g. in the coccolithophore genus Pleurochrysis; Johansen et al., 1988) . In stalked pyrenoids, the Rubisco matrix can be almost fully enclosed by the chloroplast envelope, and, in species with a chloroplast inherited from a secondary or tertiary endosymbiotic event, by additional lipid bilayers (Dodge, 1968; Evans, 1968) . Tubule-less stalked pyrenoids are common in phaeophytes (Dodge, 1973) and chlorarachniophytes (Ishida et al., 1999) , and rarer in dinoflagellates (Rees and Hallegraeff, 1991) . Even then, at least part of the Rubisco matrix is tangentially in contact with thylakoids (Dodge, 1973; Ford, 1984; Edvardsen et al., 2000; Bedoshvili et al., 2009) . Tubule-less pyrenoids are also observed, to a limited extent, in immersed pyrenoids of red algae, green algae, and diatoms (Schmid, 2001; Yokoyama et al., 2004) . If we discount the possibility that published micrographs simply failed to capture rare membranes, it will be important to localize the closest CA, and determine whether C i accumulation is stromal in these species. Part of the answer will also come from better imaging of pyrenoids, either through increased use of 3D sectioning and reconstruction microscopy (e.g. focused ion beam or serial block-face SEM; see Supplementary Video S1) or through confocal imaging of pyrenoid-specific proteins.
Pyrenoid matrix peripheral structures
The Rubisco matrix of green algal pyrenoids is often surrounded either partially or almost entirely by starch. In Chlamydomonas, several non-overlapping plates resembling spherical lunes form an almost all-enclosing sheath around the Rubisco matrix ; see also 3D animation in Supplementary Video S1). Red algae and algae that inherited a red algal chloroplast through secondary endosymbiosis can also have their pyrenoid encased by reserve materials, but only when the pyrenoid is stalked (Ford, 1984) . This can easily be explained by differences in the site of deposition of these materials: stromal in 'green' but cytosolic in 'red' chloroplasts. The close spatial relationship to pyrenoids observed in some algal lineages is perhaps indicative of a positive role for carbohydrate deposition in the CCM, but it remains to be clarified which polymers are suited to pyrenoid-related functions and which are not [e.g. archaeplastidia and dinoflagellates form starch-type polysaccharides linked by α-(1→4) and α-(1→6) glycosidic bonds; phaeophytes, haptophytes, and diatoms form laminarin-type deposits linked by β-(1→3) and β-(1→6) glycosidic bonds] (Raven and Beardall, 2003) .
In green algae, starch formation around the pyrenoid is controlled by light and the state of CCM induction (Kuchitsu et al., 1988; Ramazanov et al., 1994; Lin and Carpenter, 1997; Borkhsenious et al., 1998) , which in turn also determine the maximal packaging of Rubisco to the pyrenoid matrix (Mitchell et al., 2014; Tirumani et al., 2014) . A Chlorella mutant without pyrenoid peripheral starch has been used to question the role of the starch sheath in the CCM (del Pino Plumed et al., 1996) , but there are uncharacterized Chlamydomonas mutants with partial or no starch sheath that have a high-CO 2 -requiring phenotype (e.g. Thyssen et al., 2003) . It is therefore a pressing need to clarify the relationship of starch and the CCM and to investigate further the differences between the composition and the synthesis of pyrenoidal versus stromal starch (Izumo et al., 2007) .
Calvin-Benson-Basham cycle (CBBC) enzymes other than Rubisco are absent from the Chlamydomonas pyrenoid matrix, as revealed by MS analysis of isolated pyrenoids (Mackinder et al., 2016) . McKay and Gibbs (1991b) found phosphoribulose kinase (PRK), which operates just upstream of Rubisco, in stromal inclusions of pyrenoid tubules (which may in fact represent minitubules sensu Engel et al., 2015) , and proposed that this provided a means for exchanging CBBC metabolites between the pyrenoid and stroma. However, PRK forms a dimer of >70 kDa, which is well above the estimated size exclusion of minitubules, qualifying the localization of this enzyme to the pyrenoid. The co-purification of another CBBC enzyme, fructose-1,6-bisphosphatase, with Chlamydomonas pyrenoids and their associated starch sheath (Mackinder et al., 2016) suggests that the CBBC may nevertheless operate in close proximity to the pyrenoid.
Finally, evidence is emerging in Chlamydomonas that there is yet another layer to pyrenoids, in the form of a network of proteinaceous complexes residing outside the starch sheath (~440 kDa, encoded by two genes, LCIB and LCIC). Crystallization of the two monomers, as well as the finding of a functional homologue in the diatom P. tricornutum (Jin et al., 2016) , confirmed that these proteins had a typical CA fold. When assayed in vitro, however, no CA activity could be measured for LCIB, LCIC, or the native LCIB-LCIC complex. It therefore remains open to debate what purpose this complex serves. A true CA in the stroma, as mentioned above, would short-circuit the CCM. It is tempting to speculate that LCIB-LCIC, subject to tight regulation, could be active only when CO 2 concentrations are in excess of other C i species, and the CA moiety operates unidirectionally from CO 2 to bicarbonate, acting to recapture CO 2 leaking from the pyrenoid. Immunogold labelling of LCIB and LCIC revealed deposition in pockets rather than forming a continuous ring around the pyrenoid (Yamano et al., 2010) , and it must be clarified whether these coincide with the starch plate interfaces and thylakoid tubule entry points, where leakage of CO 2 is likely to be maximal. Alternatively, the complex could serve as a structural barrier, or even play a positional role in situating the pyrenoid in the chloroplast, as suggested by pyrenoid mislocalization phenotypes in mutants with aberrant localization of LCIB (Yamano et al., 2014) .
Pyrenoid plasticity and dynamics across cell divisions
In addition to the diversity across different algal species highlighted above, the pyrenoid is also highly plastic, changing in terms of both morphology and the fraction of total Rubisco targeted to the compartment in response to different cues, both endogenous and externally derived. This section focuses on the former, and specifically assesses the way in which pyrenoid morphology, structure, and composition change as a function of cell cycle progression. Additionally, the way in which the pyrenoid is accommodated through the process of cytokinesis and cell division is also considered. At all stages, considerations are not restricted to the model alga C. reinhardtii, and a wide range of algal species are used to assess the existence of commonalities, and inform evolutionary considerations.
Pyrenoid dynamics and the cell cycle
Progression through the cell cycle necessitates significant changes to the physiology and functioning of an algal cell, given the extensive preparations that must be undertaken before division can successfully occur. Many of these significant changes, and their effect on the pyrenoid, are often lost in studies using asynchronous cell populations, and thus many of the associations between cell cycle stage and pyrenoid/CCM functionality remain underexplored. This section will consider how the composition and structure of the pyrenoid changes as the cell progresses through the stages of the cell cycle, and specifically during cytokinesis and the act of cell division.
Previous studies assessing the activity of the CCM over time have shown it to vary with the cell cycle (Sültemeyer, 1997) but whether this is due to variation in pyrenoid function or the activity and abundance of other CCM components remains an outstanding question. Considerations of different algal species have produced contrasting results. The localization of Rubisco to the pyrenoid during the cell cycle of the green alga Dunaliella tertiolecta suggested that aggregation of Rubisco was independent of cell cycle stage, and was more likely to be associated with the active growth phase (Lin and Carpenter, 1997) . In contrast, results observed in the brown alga Scytosiphon lomentaria highlighted the formation of new Rubisco aggregates separate from existing pyrenoids during mid-S phase. Disruption of the cell cycle using specific pharmacological agents further clarified the relationship between changes in pyrenoid morphology and specific cell cycle events: blocking DNA replication using aphidicolin inhibited the formation of new pyrenoids, whereas the disruption and blocking of the process of mitosis using nocodazole resulted in an increased size of Rubisco aggregates compared with untreated cells. Addition of chloramphenicol resulted in no new occurrence of pyrenoids, despite the successful completion of mitosis and cytokinesis, suggesting that these aggregates were a product of newly synthesized Rubisco (Nagasato et al., 2003) . A similar feature has been observed in Chlamydomonas, where inhibition or disruption of the chloroplast protein-synthesizing system has been shown to perturb pyrenoid structure and formation (Goodenough and Levine, 1970; Goodenough, 1971) .
These studies point to the role of distinct cellular events in shaping pyrenoid composition, morphology, and structure during specific cell cycle events. Overall, however, there is a relative paucity of data analysing the impact of the cell cycle on pyrenoid dynamics, and the relevant literature is restricted to a limited number of algal species. More work is needed to assess the effect of the cell cycle on pyrenoid structure and composition, and, by extension, CCM function. There is also a need to characterize such putative cell cycle dependencies at a molecular level-recent evidence suggests that as much as 80% of the Chlamydomonas transcriptome displays a strong periodicity in cells where the cycle has been synchronized under a standard dark-light cycle (Zones et al., 2015) . Thus studies linking the ultrastructural changes observed to cell cycle-dependent changes in transcriptional output would be highly instructive in furthering our understanding of the processes driving pyrenoid dynamics throughout the cell cycle.
Pyrenoid dynamics during cell division
Pyrenoid morphology and dynamics have been explored extensively during the process of mitotic cell division. Such a cell division necessitates the equal distribution of parental contents to daughter cells and poses problems for cells whether containing a single pyrenoid or multiple pyrenoids. Griffiths (1970) broadly divided pyrenoid-containing algae into two groups based on the behaviour of the pyrenoid during the process of mitosis. One group encompassed species wherein the pyrenoid divides either prior to or concomitant with the cell division, whereas the other consisted of algae where the pyrenoid disappears during division, and reforms de novo in daughter cells. There is perhaps one other possibility not considered by Griffiths, which is potential de novo pyrenoid formation in parental cells, followed by distribution to daughter cells. Surveys of the available literature provide supporting evidence for the existence of each of these processes, in different algal species, and will be explored below.
De novo pyrenoid formation: before and after cell division
One of the first reports utilizing electron microscopy to study the pyrenoid examined the green colonial alga Scenedesmus quadricauda and identified the disappearance of the pyrenoid in parental cells, followed by reappearance in daughter cells, suggesting dissolution and de novo formation (Fig. 3a ) (Bisalputra and Weier, 1964) , a phenomenon supported by more contemporary reports (Vítová et al., 2008) . Experiments conducted in another green alga, Tetracystis excentrica, obtained similar results, with 'regression and dissolution' of the pyrenoid observed prior to cell division (Brown and Arnott, 1970) . A similar phenomenon was also observed in Euglena gracilis, with disappearance of the pyrenoid prior to cell division, followed by reformation in daughter cells (Osafune et al., 1990) . Other algae appear to lack the dissolution mechanism: in Volvulina steinii, a single daughter cell inherits the parental pyrenoid, implying de novo formation following cell division in the other (Fig. 3b) (Nozaki et al., 1987) . Other species, such as Scytosiphon lomentaria, form a second pyrenoid de novo in the parental chloroplast prior to cell division, with the two pyrenoids now present in the chloroplast then being equally distributed among daughter cells upon division (Fig. 3c) (Nagasato and Motomura, 2002) .
While the observation of de novo pyrenoid formation across a range of algal species supports the existence of this mechanism as a means of ensuring pyrenoidal continuity across cell divisions, there is some ambiguity surrounding the exact nature of the bodies forming de novo in some of these strains. In her landmark 1970 study, Goodenough observed a number of dense bodies that superficially appear similar to the pyrenoid, although the author ultimately discounted the notion that they might represent new pyrenoids. Irrespective, it is apparent that if such a premise of de novo pyrenoid formation is correct, it inevitably raises numerous questions, perhaps most notably with regards to the location in which they form. Specifically, why do they form there and are there any features of that particular location, ultrastructural or otherwise, that are permissive, conducive, or essential to pyrenoid formation? Addressing such questions through comprehensive studies of a diversity of different algae will allow physical and structural features of the chloroplast to be correlated with de novo pyrenoid formation and the processes underpinning biogenesis.
Pyrenoid fission
The process of pyrenoid fission during mitosis is comparatively well established. Electron microscopy-based experiments in Chlamydomonas established that both the pyrenoid and chloroplast in this algal species divide by fission (Fig. 3d ) (Goodenough, 1970) . In this study, a marked increase in pyrenoidal mass prior to cell division was observed, concomitant with a lateral elongation perpendicular to the plane of the furrow driving chloroplast fission; subsequent narrowing of the furrow and further elongation ultimately result in a roughly even partitioning of the pyrenoid, and the formation of two daughter pyrenoids from the original parent. This phenomenon has similarly been observed in a wide array of different algal species, including Porphyridium cruentum (Gantt and Conti, 1965) , Porphyridium purpureum (Schornstein and Scott, 1982) , Pleurochrysis haptonemofera (Hori and Inouye, 1981) , and Isochrysis galbana (Hori and Green, 1985) . In addition to these red algae and haptophytes, division of the pyrenoid in this way has also been observed and confirmed in the brown algal species Cylindrocapsa germinella (Sluiman, 2004) , as well as Splachnidium rugosum and Scytothamnus australis (Tanaka et al., 2007) . Thus, the process of fission and its role in ensuring equal distribution of pyrenoids appears to be a common phenomenon present across many evolutionarily distinct clades of pyrenoidpossessing algae. In view of this apparent conservation of pyrenoidal fission across a diverse range of algal strains, an interesting question arises from consideration of the morphological diversity in cell symmetry that exists among these species-whereas some are polarized (as in C. reinhardtii), others (such as Porphyridium purpureum) are radially symmetric, and thus, despite conservation of the process by which pyrenoidal division occurs, the mechanisms underpinning such divisions might be differentially regulated.
FtsZ and a role for the ancestral contractile machinery?
The question remains, however, as to how exactly pyrenoid fission occurs: increasing evidence highlights a role for plastid division proteins such as FtsZ. Originally descended from cyanobacterial cell division proteins (Miyagishima and Kabeya, 2010) , the GTPase FtsZ assembles into a ring-like structure on the stromal surface of the chloroplast prior to division. Through a poorly understood mechanism, FtsZ, along with components on the cytoplasmic face of the chloroplast, then generates the contractile force required for membrane constriction and, eventually, fission (Osawa et al., 2008) . In the chlorarachniophyte Bigelowiella natans, FtsZ homologues, FtsZD-1 and FtsZD-2, form a ring-like structure that bisects the midpoint of a bilobate pyrenoid found in the chloroplast of this species (Hirakawa and Ishida, 2015) . This ring was constitutively present at this region and was associated with a shallow furrow that penetrated the pyrenoid. Intriguingly, quantitative PCR analysis of FtsZD-1 and FtsZD-2 expression was not suggestive of an involvement with the actual act of plastid division per se, instead being up-regulated following cell division, perhaps suggesting a role in determining pyrenoid positioning following establishment of the daughter chloroplast.
If the study of Hirakawa and Ishida highlights the importance of pyrenoid subcellular localization relative to chloroplast division machinery, it does not imply that pyrenoid fission is actively driven by FtsZ. In the green alga Scenedesmus quadricauda, immunoelectron microscopic approaches identified FtsZ structures in an unexpected localization, namely between the Rubisco matrix and the starch sheath of pyrenoids (Vítová et al., 2008) . While it was unclear from the single thin section images whether such structures were ring like (as for chloroplast inner membrane-associated FtsZ) or a hitherto unobserved all-enclosing sphere around the Rubisco matrix, it highlighted the existence of FtsZ proteins not directly associated with the stromal chloroplastic membrane, and is suggestive of a functional role for these proteins in pyrenoid morphology, possibly co-ordinating the division of the chloroplast with the pyrenoid. Intriguingly, Vitová et al. (2008) noted that FtsZ levels did not differ between untreated cells and cells treated with 5-fluorodeoxyuridine, a specific inhibitor of nuclear DNA replication. Thus, control of activity, rather than expression levels, might be the key factor delimiting FtsZ activity to specific stages of the cell cycle.
The question remains, however, as to how FtsZ activity might be temporally delimited to the period immediately leading up to cell division. There is significant evidence that phosphorylation has the capacity to affect the functionality of structural components involved in cell and plastidial division. Phosphorylation has long been known to control reversibly the localization of various microtubule-associated proteins with the actin cytoskeleton in the cytoplasm (Ozer and Halpain, 2000) . Phosphorylation modulates interactions between bacterial cell division components, notably FtsZ and FipA (Sureka et al., 2010) in mycobacteria. The strong conservation of these components across both algal and prokaryotic lineages suggests that in similar systems, activity of FtsZ can be modulated by phosphorylation. Previous work had highlighted the strong dependence of the phosphorylation state of thylakoid proteins on the stage of the cell cycle in Chlamydomonas (Marcus et al., 1986) , thus raising the possibility that dynamic and reversible chemical modification of FtsZ might play a role in delimiting its mechanical effects on pyrenoid morphology to specific periods of the cell cycle.
Evolutionary routes to diversity in accommodating the pyrenoid
It appears that there exists substantial diversity between algal species as to how the pyrenoid is accommodated during the process of cell division. Mounting evidence points to the importance of the cyanobacterially derived family of FtsZ proteins and, indeed, their ancestral nature is consistent with the observation of pyrenoidal fission across a wide range of evolutionarily disparate algal species. The existence of other modes of ensuring successful propagation of pyrenoids to daughter cells raises intriguing possibilities-the fact that some plastid division proteins are depleted in certain algal species (Miyagishima et al., 2014) raises the question as to whether loss of FtsZ might have prompted the diversification of pyrenoid accommodation strategies during cell division from fission to other methods, such as dissolution followed by de novo formation. Why this loss might occur is unclear and, indeed, it would perhaps be considered disadvantageous given the evident capacity for such a system to couple pyrenoid division automatically to plastid and cellular division. Analyses examining the presence or absence of particular FtsZ proteins, and their subcellular localization, across different algal strains employing different pyrenoid division processes would be particularly timely, allowing differences in the presence/absence and localization to be related to the phenotype observed.
Conclusion: integrating pyrenoid composition and dynamics
Notwithstanding independent origins, across algal lineages, pyrenoids appear to be capable of delivering elevated concentrations of CO 2 to Rubisco using a limited set of functional elements: a densely packed Rubisco matrix, membranes to separate C i accumulation and conversion to CO 2 , and leakage-minimizing elements at the periphery of the matrix. Identifying interactions within the Rubisco matrix and between the matrix and tubules and peripheral elements should now be a major priority for the CCM research community. Figure 4 illustrates three possible modes of high-level pyrenoid biogenesis and regulation. 'Interacting inter-dependencies' (Fig. 4a) depicts a model in which the three major components each have their own genetic determinants, but where the recruitment of Rubisco to and the correct situation relative to specialized tubules, as well as localization of peripheral elements, requires a tightly The hybrid model integrates the two previous ones and accounts in particular for the observation that a CO 2 acclimation-independent fraction of Rubisco is always retained in the pyrenoid (as in Chlamydomonas reinhardtii; Borkhsenious et al., 1998; Mitchell et al., 2014) . Note that simpler models can be derived for naked pyrenoids and pyrenoids not surrounded by peripheral elements.
regulated interplay between all three structures. Identification and characterization of mutants which retain one structure independently of the two others would be supportive of such a model. The 'Hierarchical' or 'Russian nesting doll' model ( Fig. 4b) assumes a unidirectional and sequential formation (and dispersion when the CCM is repressed), starting with the deposition of Rubisco around a conserved anchoring site (tubules), followed by a secondary deposition of peripheral elements. Here, the loss of the (putative) anchoring site would prevent any form of Rubisco aggregation. The 'Hybrid' model (Fig. 4c) integrates elements of the two other models. Illustrated in Fig. 4c is a case where a constitutive Rubisco matrix could only form in the presence of tubules, but where some Rubisco could independently aggregate or co-localize with peripheral elements, prior to being recruited to the 'minimal' pyrenoid. The Chlamydomonas pyrenoid fits the first model, as there are mutants which are unable to form a Rubisco matrix and yet retain tubules and/or pyrenoid-peripheral elements in a locus where the pyrenoid would normally form (e.g. Rubisco-less and Rubisco small subunit substitution mutants, and to some extent epyc1; see Goodenough and Levine, 1970; Mackinder et al., 2016; Caspari et al., 2017) . Simpler models can be derived for naked pyrenoids and pyrenoids not surrounded by peripheral elements.
Though now published >50 years ago, Bisapultra and Weier were correct in their declaration that 'to understand the function of such organelles as the pyrenoid, developmental studies are necessary' (Bisalputra and Weier, 1964) . Though perhaps not completely correct in their categorization of the pyrenoid, the notion they put forth is as timely then as it is now. To truly comprehend the dynamic, malleable structure that is the pyrenoid and, by extension, its role and place in the existing CCM paradigm, approaches that explore the variability in this subcellular microcompartment, both across the cell cycle and across a range of algal species, are required.
Supplementary data
Supplementary data are available at JXB online.
Video S1. FIB/SEM slice-and-view through a resin-embedded Chlamydomonas reinhardtii cell. Algae were grown photoautotrophically under 75 µmol photons m -2 s -1 under air-level CO 2 concentration for maximal expression of the CCM and the pyrenoid. The animation was assembled from 61 cropped and aligned thin sections imaged by SEM. Imaging courtesy of Dr Angela Goode, Department of Materials, Imperial College London, and Dr Jeremy N. Skepper, Cambridge Advanced Imaging Center, University of Cambridge.
